ABSTRACT How mechanical stress applied to the actin network modifies actin turnover has attracted considerable attention. Actomyosin exerts the major force on the actin network, which has been implicated in actin stability regulation. However, direct monitoring of immediate changes in F-actin stability on alteration of actomyosin contraction has not been achieved. Here we reexamine myosin regulation of actin stability by using single-molecule speckle analysis of actin. To avoid possible errors attributable to actin-binding probes, we employed DyLight-labeled actin that distributes identical to F-actin in lamellipodia. We performed timeresolved analysis of the effect of blebbistatin on actin turnover. Blebbistatin enhanced actin disassembly in lamellipodia of fish keratocytes and lamellar of Xenopus XTC cells at an early stage of the inhibition, indicating that actomyosin contraction stabilizes cellular F-actin. In addition, our data show a previously unrecognized relationship between the actin networkdriving force and the actin turnover rates in lamellipodia. These findings point to the power of direct viewing of molecular behavior in elucidating force regulation of actin filament turnover.
INTRODUCTION
Cells reorganize the actin cytoskeleton in response to internal and external forces. Accumulating biochemical evidence of actin filaments implies that actin filaments themselves may act as mechanosensors (Galkin et al., 2012; Hayakawa et al., 2012; Romet-Lemonne and Jegou, 2013) . In vitro, tension in an isolated actin filament prevents severing by the key actin depolymerization regulator cofilin (Hayakawa et al., 2011) , whereas myosin promotes disassembly of actin filaments (Haviv et al., 2008; Murrell and Gardel, 2012; Reymann et al., 2012; Vogel et al., 2013) . In cells, actin remodeling induced by external forces has been reported. For instance, unidirectional cyclic stretch induces reorientation of actin stress fibers and cell alignment perpendicular to the stretch axis (Shirinsky et al., 1989; Kaunas et al., 2005; Hoffman et al., 2012; Greiner et al., 2013) . In fast migrating fish keratocytes, cyclic stretch induces migration parallel to the direction of stretch concomitantly with reorientation of stress fibers (Okimura and Iwadate, 2016) . Brief deformation of the cell cortex rapidly increases G-actin, which in turn triggers frequent actin nucleation by formin homology proteins (Higashida et al., 2013) . Although how mechanical stress modifies actin stability has been one of the key questions, direct monitoring immediate changes in F-actin stability on alteration of forces has not yet been achieved in cells.
Single-molecule speckle (SiMS) microscopy is a powerful approach to elucidate the rapid change in actin turnover on pharmacological treatments. In SiMS, appearance and disappearance of fluorescently labeled single-molecule actin speckles directly report actin assembly and disassembly (Watanabe and Mitchison, 2002) . We recently developed an electroporation-based SiMS method called eSiMS (Yamashiro et al., 2014 (Yamashiro et al., , 2015 Yamashiro and Watanabe, 2017) . In the method, electroporation-mediated delivery of DyLight550-actin (DL-actin) into cells enables us to label cells with
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Valerie Marie Weaver University of California, San Francisco 100% efficiency at the optimal low density, which expands applications to primary cells. This allows us to employ migrating keratocytes in the present study for direct monitoring of the early effect of myosin II inhibitor blebbistatin (Straight et al., 2003) on F-actin stability. In addition, DL-actin provides substantially improved brightness and photostability (Yamashiro et al., 2014) . The slow photobleaching of DL-actin enables simultaneous lifetime measurement of actin populations with distinct disassembly kinetics.
Several previous studies have investigated myosin regulation of F-actin stability in live cells. During cytokinesis, blebbistatin has been reported either to delay (Guha et al., 2005; Murthy and Wadsworth, 2005) or to promote disassembly (Kondo et al., 2012) of the contractile actin ring. In neuronal growth cones, myosin II promotes compression and severing of actin bundles (Medeiros et al., 2006) . The protein phosphatase inhibitor calyculin A, which was used to manipulate myosin activity, has been reported to increases actin network disassembly in lamella of epithelial cells (Vallotton et al., 2004) . Wilson et al. (2010) reported that actin-myosin II contraction enhances actin network disassembly in migrating fish keratocytes. However, such previous live cell experiments may have three potential methodological problems as follows.
First, the use of indirect actin probes or fluorescent proteintagged actin may have hampered monitoring whole actin populations. In live cells, phalloidin and Lifeact misdistribute toward the rear of lamellipodia via a convection-induced mechanism (unpublished data). In addition, phalloidin competes with cofilin for binding to F-actin (Nishida et al., 1987) , causing oversight of fast depolymerizing F-actin species. Furthermore, phalloidin may stabilize its bound F-actin locally and disturb actin turnover measurement. For example, Wilson et al. (2010) employed fluorescent phalloidin as an Factin probe in quantitative fluorescent speckle microscopy (qFSM) in live keratocytes. Their main finding was a high net decrease in Factin mass along the actin flow in the rear of the cell where myosin II accumulates. This result may have been severely influenced by the discrepancy between phalloidin and F-actin localization.
The use of fluorescent protein-tagged actin might have also partially hindered observation of the formin-based actin dynamics due to their interference with formins (Chen et al., 2012; Yi et al., 2012; Yamashiro et al., 2014; Murugesan et al., 2016) . For example, actin turnover in the contractile actin ring of cultured cells have been measured by fluorescence recovery after photobleaching (FRAP) with GFP-actin (Murthy and Wadsworth, 2005) or mCherryactin (Kondo et al., 2012) . However, formin mDia2 localizes to the cleavage furrow and induces F-actin scaffold for the contractile ring in the cytokinesis of several cell types (Watanabe et al., 2008) . In addition, GFP-actin is not suited for combination with blebbistatin, which exhibits phototoxicity on cells and loses its activity on blue light irradiation (Kolega, 2004; Sakamoto et al., 2005) .
Second, the direct effect of blebbistatin may have not been monitored adequately. Blebbistatin's effect in blocking cellular myosin II-dependent contraction are noticeable within ∼2 min (Straight et al., 2003; Yamashiro et al., 2014) . In case actomyosin contractile force stabilizes a certain population of F-actin, it is critical to capture initial response to the blebbistatin treatment because such F-actin may disappear rapidly and measuring the turnover of remaining Factin may lead to different conclusions depending on the turnover rate of the remaining F-actin. Thus, in previous live cell experiments where actin turnover measurements by FRAP (Guha et al., 2005; Kondo et al., 2012) or qFSM (Wilson et al., 2010) were performed 10 min to 2 h after the addition of blebbistatin, the initial response to inhibition of myosin-based contractility might have been missed. In addition, Guha et al. (2005) and Kondo et al. (2012) performed FRAP analyses for actin in the contractile ring that had been formed in the presence of blebbistatin. This may alter configuration and thereby dynamics of the contractile ring.
Apart from blebbistatin, Vallotton et al. (2004) used calyculin A to manipulate myosin activity. However, calyculin A, a broad inhibitor against protein phosphatase 2A and protein phosphatase 1, affects on phosphorylation status of many proteins including Rho GTPaseactivating protein FilGAP (Morishita et al., 2015) and focal adhesion proteins (p125 Fak , p130
Cas and paxillin) (Leopoldt et al., 2001) . Therefore, the effect of calyculin A is not limited to myosin phosphatase.
Third, in many previous studies, F-actin turnover was inferred from indirect measurements that report the combined effects of actin assembly, disassembly, and transport of many actin filaments rather than individual actin monomers disassembly. Vallotton et al. (2004) and Wilson et al. (2010) presented qFSM results for the net actin decrease on the calyculin A treatment (Vallotton et al., 2004) and along the actin flow (Wilson et al., 2010) , respectively. However, since actin assembly and disassembly occur simultaneously, one cannot directly derive the actin disassembly rate from the net actin decrease. In neuronal growth cones, it remains unclear whether compression and severing of actin bundles by myosin II (Medeiros et al., 2006) are accompanied by enhanced actin disassembly. For these reasons, myosin-mediated contractile force regulation of actin turnover in vivo has remains to be examined.
In this study, we performed time-resolved analysis of the effect of blebbistatin on actin turnover using eSiMS microscopy. We employed the DL-actin probe, which retains the ability to collaborate with mDia1 and mDia2 in vitro (Yamashiro et al., 2014; Mizuno et al., 2018) . The distribution of DL-actin is compatible with F-actin distribution in lamellipodia of keratocytes (unpublished data). Our data indicate that actomyosin contraction stabilized on F-actin in lamellipodia and lamella. In addition, we find that cell migration speeds are negatively correlated with the actin turnover rates in lemallipodia of keratocytes. These findings with direct observation of actin turnover at the molecular level provides new insights into actin dynamics and myosin function in cell migration.
RESULTS AND DISCUSSION

Direct observation of actin turnover by single-molecule imaging in live keratocytes
DyLight550-actin (DL-actin) was delivered into the cytoplasm of fish keratocytes by electroporation ( Figure 1A and Supplemental Video 1) (Yamashiro et al., 2014 (Yamashiro et al., , 2015 . The distribution of DL-actin speckles in lamellipodia was consistent with F-actin distribution in the previous studies (Theriot and Mitchison, 1991; Svitkina et al., 1997) . In marked contrast, fluorescent phalloidin showed rear-biased misdistribution in both XTC cells (Supplemental Figure S1 , A and B) and keratocytes (Supplemental Figure S1D) . The detailed comparison between fluorescently labeled actin, phalloidin, and Lifeact and the underlying mechanism of the misdistribution of F-actin binding probes will be reported elsewhere (unpublished data). These results suggest that phalloidin is not suitable to monitor actin assembly and disassembly in lamellipodia of live cells.
DL-actin SiMS reported that the majority of actin assembly occurred at the leading edge of lamellipodia ( Figure 1B, left) . Actin assembly was also observed throughout lamellipodia as is the case with XTC cells (Watanabe and Mitchison, 2002) . In contrast, actin disassembly was observed evenly in lamellipodia ( Figure 1B, right) . These findings differ from the previous report by Wilson et al. (2010) , who concluded that disassembly is localized at the rear of keratocytes. Lifetime analysis showed that 37% of F-actin subunits depolymerize within 10 s after polymerization ( Figure 1C ). This fast actin turnover cannot be explained by the treadmilling model (Small, 1995) . Our data confirm fast actin turnover in lamelipodia of keratocytes, which was proposed in the photoactivation of fluorescence (PAF) study (Theriot and Mitchison, 1991) . The average half-life of F-actin was 12.6 ± 3.5 s in keratocytes (n = 14 cells, mean ± SD), which is almost half the previously reported half-life of F-actin, 23 s (Theriot and Mitchison, 1991) . These discrepancies may arise from the difference in the spatial resolution between PAF and SiMS. The decay rate in PAF and FRAP does not necessarily represent F-actin disassembly rate under certain conditions (Tardy et al., 1995) . Using the Tardy model, we previously estimated that the local reincorporation mechanism may retard the apparent PAF decay approximately two times slower than true actin disassembly in XTC cells (Watanabe and Mitchison, 2002; Watanabe, 2010) . We further elaborated on this effect with a model that accounts for the spatially dependent speckle appearance and lifetime distribution, both revealed by SiMS (Smith et al., 2013) . We used this model to perform PAF simulations based on our keratocyte SiMS data of DL-actin. In the simulated intensity decay curves, rapid decay immediately after t = 0 is mainly due to the diffusion of G-actin (Supplemental Figure S2C ). An exponential fit to the portions of the curves extending beyond 5 s, which excludes the influence of the diffusion of G-actin, corresponds to the half-time value of 32 s, which is larger compared with the implemented bound particle half-time of 15 s (see Supplemental Figure  S2C and Supplemental Method). These results confirm that the actin disassembly rate measured by PAF and FRAP may become slower than the true actin disassembly rate in lamellipodia of keratocytes.
The discrepancy may also arise from the difference in the experimental conditions as the PAF experiments were performed at 15°C to slow cell movement less than 10 µm/min (Theriot and Mitchison, 1991) while we performed SiMS imaging at room temperature, 21-23°C. At 15°C, the migration speeds of keratocytes from Gillichtyhus mirabilis and Cyprinodon salinus are reduced only to 70-80% of the speeds at 20°C (Ream et al., 2003) . We therefore predict that the local reincorporation mechanism may in part account for the delayed decay rates in the PAF study (Theriot and Mitchison, 1991) . These findings point to the importance of direct viewing of molecular behavior.
Myosin contractile force stabilizes F-actin in pseudopodia
We reevaluated myosin regulation of F-actin stability by using eSiMS microscopy for time-resolved analysis of the effect of blebbistatin on actin turnover in keratocytes. We first addressed the timing of actomyosin inhibition by blebbistatin. As shown in a previous study (Straight et al., 2003) , the shape of keratocytes expanded laterally within 2 min after perfusion of blebbistatin ( Figure 2 , A and B, and Supplemental Video 2). The trajectories of actin speckles, which were biased toward the centerline in untreated cells, became parallel to the direction of cell migration 90 s after the blebbistatin treatment ( Figure 2C ). On the basis of these observations, we predicted that actomyosin contraction was inhibited as early as 90 s after the blebbistatin treatment. We then compared DL-actin speckle regression kinetics before and after the blebbistatin treatment. Since the keratocyte is thick at the rear and its cell body rotates during locomotion (Anderson et al., 1996) , we first checked three-dimensional movement of DL-actin speckles by using dual-focus imaging optics (Watanabe et al., 2007) . Among the actin speckles that disappeared in the perinuclear and the rear regions of the cell, ∼12% moved from the lower focal plane toward the upper focal plane before disappearance (14 of 115 speckles; data not shown). It was not feasible to distinguish actin disassembly from moving away of speckles from the focal plane using our current optics. Therefore, we limited speckle regression kinetics analysis in thin lamellipodia to track all actin speckles in focus.
The dissociation rate of actin SiMS increased by 29% on blebbistatin treatment (0.058 ± 0.017 s -1 to 0.074 ± 0.022 s -1
, mean ± SD, p < 0.05, two-tailed paired t test), whereas the dissociation rate increased by only 10% in mock-treated cells (0.063 ± 0.014 s -1 to 0.070 ± 0.016 s -1 , p < 0.05, two-tailed paired t test) ( Figure 2D) . Thus under the condition where excitation light can be strongly attenuated for bright DL-actin probes, long-term SiMS image acquisition may accelerate actin disassembly to a small degree. Nonetheless, the increase in the actin SiMS dissociation rate was much larger (29%) in blebbistatin-treated cells than in mock-treated cells (10%). These results indicate that blebbistatin accelerates actin disassembly in keratocytes.
We also found similar effects of blebbistatin in XTC cells. Blebbistatin slows the retrograde actin flow in lamella but not in lamellipodia of XTC cells, accompanied by disintegration of lamellar actin bundles, which takes place 1-2 min after drug perfusion (Yamashiro et al., 2014) . We therefore examined the effect of blebbistatin in the lamella region of XTC cells ( Figure 3A) . We confirmed that the average speed of speckles in lamella were decelerated 70 s after the blebbistatin treatment ( Figure 3B , and Supplemental Table S1 ) and found that blebbistatin destabilized long-lived population of lamellar F-actin ( Figure 3C ). In this analysis, we only compared the regression rates of the DL-actin speckles which survived over 40 s, because we noticed that the number of short-lived DL-actin speckles (halflife, ≈32 s) (Yamashiro et al., 2014) greatly fluctuates over time. Blebbistatin treatment increased the dissociation rate of long-lived actin SiMS by 77% ( Figure 3C ). The dissociation rate of actin SiMS (mean ± SD) was 0.011 ± 0.0026 s -1 before blebbistatin and 0.019 ± 0.0073 s -1 after blebbistatin (p < 0.05). Furthermore, blebbistatin increased the frequency of actin nucleation by formin mDia1 (Supplemental Figure S3 ), suggesting that blebbistatin-induced G-actin release contributes to enhanced formin-mediated actin nucleation (Higashida et al., 2004; Higashida et al., 2013) . These results indicate that actomyosin contractile force stabilizes cellular F-actin in XTC cells. Taken together, our direct observations unambiguously revealed that actomyosin contractile force stabilizes actin filament in lamellipodia and lamella. Myosin II-dependent tension may prevent F-actin from being severed by cofilin as previously shown in vitro (Hayakawa et al., 2011) . Our results suggest that the cellular Regression measurements of DL-actin speckles in lamellipodia of keratocytes before (blue dots) and after (red dots) treatment with 50 μM blebbistatin (left). Images were acquired at 2-s intervals. The data were normalized for photobleaching (Watanabe and Mitchison, 2002; Yamashiro et al., 2014) . For the regression analysis of DL-actin speckles after the treatment, the first frame of the analysis is within 90-180 s after adding blebbistatin. Right, control cells. The single exponential curve (black lines) fitted to the data gave half-life of speckles (t 1/2 ). The dissociation rate of actin speckles was significantly higher in the cells after the blebbistatin treatment than that in the cells before the treatment (p < 0.05, two-tailed paired t test).
actin filaments pulled by actomyosin contractile force become stabilized rather than being prone to disassembly, which presumably facilitates effective force transduction within the actin filament network.
Actin turnover rates correlate with speeds of cell migration and retrograde actin flow in keratocytes
In addition, we found another relationship between the actin network-driving force and the actin turnover rate in lamellipodia of keratocytes. Interestingly, the faster the cell migrates, the faster the actin turnover rate is in the lamellipodium ( Figure 4A, blue dots) . This correlation suggests the existence of a cell speed acceleration mechanism involving enhancement of actin turnover. Treatment of keratocytes with blebbistatin changed neither cell speed nor the speed of the retrograde actin flow with respect to the cell edge 90-240 s after the treatment (data not shown), suggesting that this acceleration mechanism is independent of myosin II activities.
By using SiMS microscopy, actin was found to flow inward with respect to the substratum at 10-60 nm/s (Figure 4 , B and C) as previously reported in fluorescent speckle microscopy studies (Jurado et al., 2005; Schaub et al., 2007) . The slow backward actin flow with respect to the substratum may have been overlooked by the PAF analysis (Theriot and Mitchison, 1991) due to its limited spatial resolution. SiMS analysis revealed that fast retrograde actin flow rates with respect to the substratum tend to be associated with fast actin turnover rates ( Figure 4A , red dots). Strengthening linkage between cell adhesion molecules and the actin network slows the retrograde actin flow as proposed in the clutch model (Mitchison and Kirschner, 1988) . We therefore predict that in cells with slow actin flow, the actin network is strongly engaged to cell adhesions and tension exerted by the retrograde actin flow would mount in F-actin. This could account for the association between fast retrograde actin flow rates with respect to the substratum and fast actin turnover rates.
In summary, our study revealed that actomyosin contraction stabilizes F-actin in lamellipodia and lamella, providing the direct evidence of F-actin stabilization by tensile force in vivo. This conclusion agrees with the in vitro study by Hayakawa et al. (2011) . In epithelial cells, blebbistatin has been reported to induce disintegration of peripheral actomyosin bundles, accompanied by increase in G-actin levels in cytoplasm (Lomakin et al., 2015) . Although it remains unclear whether blebbistatin promotes actin disassembly or inhibits the formation of epithelial actomyosin bundles, myosin-mediated contractile force appears to contribute to F-actin stabilization also in epithelial cells. To reconcile the opposite conclusions between our study and the previous studies (Vallotton et al., 2004; Guha et al., 2005; Medeiros et al., 2006) , we speculate that myosin-derived force may either stabilize F-actin by imposing tensile force or destabilize F-actin by compression depending on the actomyosin architecture. Furthermore, our SiMS analysis revealed a negative correlation between cell migration speeds and the actin turnover rates (but (Yamashiro et al., 2014) in lamella of XTC cells before (blue dots) and 70-132 s after (red dots) the blebbistatin treatment. To evaluate long-lived population of DL-actin speckles, speckles that exist at least 40 s were measured. The dissociation rate of long-lived actin speckles was significantly higher in the cells after the blebbistatin treatment than that in the cells before the treatment (p < 0.05, two-tailed paired t test).
not the rate of treadmilling) in keratocytes. Direct visualization of molecular behavior provides critical information for our precise understanding of the molecular remodeling mechanisms in complex biological systems.
MATERIALS AND METHODS
Fluorescent dye-labeled actin
Rabbit skeletal muscle actin labeled with DyLight550-NHS ester (Thermo Fisher Scientific) was prepared as described previously (Yamashiro et al., 2014) .
Cell culture and electroporation
Keratocytes were isolated from scales of goldfish (Carassius auratus) by culturing between a culture dish and a coverslip, using the keratocyte culture medium composed of L-15 Leibovitz medium (Invitrogen), 10% fetal bovine serum (Nichirei Biosciences), and 1% Antibiotic-Antimyocotic Mixed Stock Solution (Nacalai Tesque). Then keratocytes were trypsinized, resuspended with the culture medium, collected by centrifugation, and subjected for electroporation to deliver DL550-actin as described (Yamashiro et al., 2014) . Xenopus laevis XTC cells were maintained as described previously (Watanabe and Mitchison, 2002; Watanabe, 2012) . DL-actin was electroporated into XTC cells as described (Yamashiro et al., 2014) .
Single-molecule speckle imaging and data analysis
SiMS imaging with epifluorescence microscopy was carried out as described previously (Watanabe, 2012; Yamashiro et al., 2015) . Keratocytes were seeded on a coverslip in the keratocyte culture medium excluded riboflavin and phenol red to reduce the fluorescence background. XTC cells were allowed to spread on a poly-llysine-coated coverslip in 70% L-15 Leibovitz medium without serum, riboflavin, and phenol red. Imaging was performed using a microscope (IX71, Olympus) equipped with a PlanApo 1.40 NA 100 × oil objective (Olympus), 100-W mercury illumination, and a cooled electron-multiplying charge-coupled device (EMCCD) camera (Evolve 512, Photometrics). A TRITC-A-Basic filter set (Semrock) was used for imaging DL-actin. Speckles were analyzed by using Speckle TrackerJ as described (Yamashiro et al., 2014 (Yamashiro et al., , 2015 . The data of regression analysis and lifetime analysis were normalized for photobleaching (Watanabe and Mitchison, 2002; Watanabe, 2012) . (S)-(-)-blebbistatin (Tronto Research Chemicals) was applied to the cells at a final concentration of 50 µM.
